INTRODUCTION
Many clinical dental implants have been established and are used either individually or in combination with other treatment modalities for dental failure. Despite the implants having a high survival rate and osseointegration, over a five-year period,~15% of dental implants manifest peri-implant inflammatory reactions and crestal bone loss, which eventually lead to implant failure (1) . It is speculated that host factors determine whether implants osseointegrate or cause inflammatory responses leading to peri-implantitis.
Provided with good procedural techniques, at least three post installation host responses are proposed for endosseous implants: (a) functional bone tissue development with osseointegration, (b) connective tissue formation around implant causing osseointegration failure and (c) acute or chronic inflammation causing early implant failure (2) . These responses are determined by a wide range of factors such as, genetic predisposition, smoking, dietary habits, blood pressure and glucose levels, and differences in them set the platform for the onset of peri-implantitis (3) . Given the variability between the patients and the wide range of host response modulating factors, identifying a unifying molecular pathogenic manifestation would aid understanding of disease progression and development of therapeutics.
A role for oxidative stress -imbalance between reactive oxygen species (ROS) manifestation and host ability to detoxify or repair the damage -has been well documented in many disease pathogenesis (4) . In normal conditions, ROS are produced as natural products of aerobic metabolism and are removed by cellular defence mechanisms involving enzymatic and non-enzymatic systems. In contrast, in disease conditions, an imbalance is manifested and causes a hyper-inflammatory condition, and leads to cellular damage (4) . In addition to ROS, increased advanced glycation end products (AGEs) -heterogeneous products formed from non-enzymatic protein glycation reactions -are also usually manifested in oxidative stress conditions. Previous studies have shown that AGE increase can be a cause of development of or mediating factor for many systemic diseases and can cause a wide range of pathological effects such as inducing inflammatory cytokines, and enhancing oxidative stress (5) . More importantly, recent studies suggest that AGE binds to a specific receptor for AGE (RAGE) and can induce chronic inflammation through nuclear factor-kappa B pathway -a pathway associated with diverse effects (6) . Altogether, increased ROS and AGE represent two markers of pathognomonic oxidative stress, and can cause hyper-inflammation and permanent tissue damage.
Although the significance of oxidative stress is known in many other diseases including oral disease such as chronic periodontal disease (7, 8) , it is unclear whether there is a similar role for oxidative stress in dental implant related periimplantitis. In this study, we investigated the levels of oxidative stress and AGE in peri-implantitis, chronic periodontal disease and healthy controls for comparison. We selected patients with similar age group, smoking habits and matching diagnosis as per disease groups, and evaluated oxidative stress through lipid peroxidation and AGE analysis by Maillard reaction-related fluorescence.
SUBJECTS AND METHODS
Patient information, tissue collection and processing were conducted as per the institute's ethical guidelines and under the supervision of the Department of Stomatology, Beijing ChaoYang Hospital, an affiliate of Capital Medical University, Beijing, PR China. There were three patients groups (Table) . All the patients were selected based on their clean medical history for any other systemic diseases, sharing similar smoking habits and for not taking any prescribed medications in the last six months. In addition, based on the availability of patients, the gender distribution was kept uniform between the groups, and hence the final patient counts in each group were set as 10 patients (seven males and three females) per group for the study.
Salivary enzyme collection
Saliva was collected as a preoperative procedure in the morning. The patients were mouth-washed and then saliva was collected using Salimetrics® collection system (Salimetrics UK -Oral Swab -Swab Storage Tube). The collected samples were processed further as described below for oxidative stress evaluation.
Oxidative stress analysis
Saliva samples were centrifuged at 6000 g for 10 minutes to remove any particles and the clear salivary supernatant was used for analysis. Oxidative stress was measured as a read-out of lipid peroxidation measurement (ROS measurement), using thiobarbituric acid reactive substances (TBARS) assay (BioAssay Systems, CA, USA) following manufacturer's instructions.
Tooth/Implant collection and processing
The collection and processing method was followed as described previously (9) . Briefly, patients were administered with local anaesthesia (mepivacaine 2% and adrenaline 1/100 000 -Scandonest ® 2%) and implant (for group 1)/tooth (for groups 2 and 3) were collected in a phosphate buffered solution [PBS; pH 7.4] (Sigma-Aldrich, St Louis, MO, USA). A total of 10 teeth (one tooth per patient) was collected from each group. For subsequent tissue sample extraction, the tooth/implant was incubated in 37°C water bath for five minutes, sliced with a lancet to collect apical and coronal tissues. The collected tissues were used as the samples for AGE analysis.
Advanced glycation end product analysis
Advanced glycation end product was measured from tissue samples collected from tooth. Briefly, tissue samples were hydrolysed five times in 0.25M oxalic acid and then dialysed against PBS. Total protein content was determined by ultraviolet absorbance at 280 nm and then calculated from a standard curve. Total AGE was measured as Maillard reaction-related fluorescence, a representative of AGE formation. Measurements were made with excitation and emission wavelength of 360 and 450 nm, respectively (10, 11) , and with quinine sulfate (1µM in 0.1N H 2 SO 4 ) as a standard. The levels of AGE were expressed as arbitrary fluorescence units per milligram of protein.
Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 6). Data were analysed using one-way analysis of variance (ANOVA) and statistical significance was set at minimal value of p < 0.05. All values are listed as mean ± standard deviation.
RESULTS
Per the needs of the study and based on the availability of the sample types for analysis, we evaluated oxidative stress through lipid peroxidation analysis. Lipid peroxidation refers to oxidative degradation of lipids mediated through free radical chain reactions between ROS and unsaturated lipids (12) . The end products are reactive aldehydes such as malondialdehyde and can readily be measured using common assays such as TBARS assay (13) . Lipid peroxidation analysis as evaluated through TBARS assay from salivary samples showed a significant increase (> 2-fold) in both peri-implantitis and chronic periodontal disease compared to healthy control samples (Fig. 1) . In addition, data indicate that the lipid peroxidation levels in chronic periodontal disease were two-fold higher than the levels in peri-implantitis. Table: Summary of patient groups used in the study Fig. 1 : Oxidative stress analysis. Oxidative stress was analysed by probing for reactive oxygen species. Reactive oxygen species was measured in saliva samples through thiobarbituric acid reactive substances assay for the three groups -peri-implantitis, periodontal disease and control. Values are provided as mean ± standard deviation (n = 10 each). Statistical significance was observed between all groups (*p < 0.0001).
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Similarly, AGE analyses are usually done through protein gel staining methods or through analysing Maillard reaction-related fluorescence (11, 14) . Given that fluorescence gives total sum-value from all the glycated proteins, we chose to measure AGE levels through Maillard reaction-related flu-orescence. Our data indicate increased AGE accumulation in peri-implantitis and chronic periodontal disease patients compared to controls (Fig. 2) . Similar to ROS levels, the AGE levels in periodontal disease were~1.5-fold higher than in peri-implantitis.
DISCUSSION
Previous research data suggest that increased ROS can induce AGE production and can cause irreversible deposition, which leads to inflammation and tissue damage (15) . It is also known that AGE deposition in the extracellular matrix can increase ROS production and cause inflammation and tissue damage (16) . This mutual facilitative role of ROS and AGE would result in a synergistic loop-effect and can overall accelerate tissue damage. Their contribution in many oral inflammatory diseases including periodontal diseases has been previously described (4) (5) (6) . In accordance, our data have demonstrated elevated AGE and ROS in samples from patients with periodontal disease. However, here we have also highlighted their involvement in peri-implantitis conditions by demonstrating their increased levels in patients' saliva and tissue samples.
Given this observation of both ROS and AGE increase in peri-implantitis as seen in periodontal diseases, it is well worth exploring therapeutic intervention by modulating the oxidative stress and AGE levels. A recent small case series on peri-implantitis has also shown similar evidence for a possible link between oxidative stress and peri-implantitis, and suggested treatment options (14) . However, most current clinical treatment options adapted from periodontal diseases have been ineffective for peri-implantitis and can be attributed to their histological and pathological differences, such as infiltration levels and microbial diversity (17) (18) (19) . Hence, understanding the molecular mechanism associated with periodontal disease and peri-implantitis as reported here is of critical importance, and would help us to differentiate pathological features between these conditions and manage peri-implantitis effectively. Our data indicate that both ROS and AGE increased in both peri-implantitis and periodontal disease compared to the healthy group, with periodontal disease having the highest values. Although, this is in agreement with the conclusion of increased oxidative stress from another study (14) , it differs in the levels of markers when compared with chronic periodontal disease. We observed that both lipid peroxidation and AGE were higher in chronic periodontal disease than peri-implantitis, while AGE was higher in peri-implantitis than periodontal disease in another study (14) . The significant difference between peri-implantitis and chronic periodontal disease irrespective of the marker analysis implies that the underlying pathological features causing the stress to increase ROS and AGE may be different for both the diseases and could lead to varied treatment responses. Although this difference could be in part explained by the chronic condition of periodontal disease that has major stress manifestation, the previous failure of treatment strategies adapted from periodontal disease to peri-implantitis warrants caution.
Nevertheless, host differences such as genetic background, smoking and diet could also be influencing the outcomes of the study; despite that, the results from both studies clearly indicate a role for oxidative stress in the progression of peri-implantitis. However, our data differ as we compare pe- Finally, we also checked if the ROS and AGE levels were inter-dependent of each other through Pearson correlation analysis of all patients' TBARS and AGE assay results. Our analysis showed strong correlation between the AGE and ROS levels (Pearson coefficient, r = 0.94; p < 0.0001) in all the patients, implying a positive association between the ROS, AGE levels and the patient condition (Fig. 3) . riodontal disease and peri-implantitis. The significant difference between them suggests the existence of specific causes or mechanisms for the progression of peri-implantitis that differ from periodontal disease. Future studies, directed towards understanding the causative and molecular mechanism specific to peri-implantitis, oxidative stress and the role in promoting peri-implantitis, are required and would aid to translate the antioxidative stress therapy to patients with peri-implantitis.
CONCLUSION
Overall, our study highlights a significant role for oxidative stress in the less understood peri-implantitis conditions. In addition, by comparative analysis, we delineate to exhibit a relatively milder stress manifestation than in periodontal disease, and targeting it specifically could be beneficial for peri-implantitis therapeutic interventions.
